Forest mapping is an important source of information for assessing woodland resources and a key issue for any National Forest Inventory (NFI). In the present study, a detailed wall-to-wall forest cover map was generated for all of Switzerland, which meets the requirement of the Swiss NFI forest definition. The workflow is highly automated and based on digital surface models from image-based point clouds of airborne digital sensor data. It fully takes into account the four key criteria of minimum tree height, crown coverage, width, and land use. The forest cover map was validated using almost 10,000 terrestrial and stereo-interpreted NFI plots, which verified 97% agreement overall. This validation implies different categories such as five production regions, altitude, tree type, and distance to the forest border. Overall accuracy was lower at forest borders but increased with increasing distance from the forest border. Commission errors remained stable at around 10%, but increased to 17.6% at the upper tree line. Omission errors were low at 1%-10%, but also increased with altitude and mainly occurred at the upper tree line (19.7%). The main reasons for this are the lower image quality and the NFI height definition for forest which apparently excludes shrub forest from the mask. The presented forest mapping approach is superior to existing products due to its national coverage, high level of detail, regular updating, and implementation of the land use criteria.
Introduction
Wall-to-wall forest mapping is a critical task, because the resulting datasets such as forest cover maps are a fundamental input for a broad range of applications from global environmental change assessment to local forest management planning. Forest maps are essential for governmental authorities, international reporting-including the Kyoto protocol, in the framework of Reducing Emissions from Deforestation and Degradation (REDD), forest disturbance assessments, biodiversity and restoration programs, and our understanding of the distribution of forest patches, which are relevant for connectivity studies [1, 2] . However, to our knowledge, there are currently no operational attempts to produce wall-to-wall forest cover maps in the framework of a National Forest Inventory (NFI)-at least in Europe. In fact, these mostly design-based sample inventories serve as the basis for forest resources assessment and thus estimate a variety of forest attributes (e.g., size of forested area, growing stock, tree species etc. [3] ). Existing mapping sources-such as stand maps-are rather (i) Existing forest cover maps have often been produced with an oversimplified definition of forest, and are therefore not congruent with the respective NFI definition, which consists mostly of the key criteria: (1) minimum tree height; (2) minimum tree crown coverage; (3) minimum area and/or minimum width; and (4) land use [4] . (ii) Problems arise regarding land use, which is a key parameter in NFI forest definition but hardly assessable when using remotely sensed data-in contrast to land cover which is assessable. For example, a temporary unstocked area, e.g., after impacts such as fire, storm, or harvesting will be identified as non-forest area when using remote sensing data and techniques, but will in fact maintain its status as a forest within the NFI. (iii) Unavoidable restrictions occur due to the simplified level of detail of existing forest cover maps, which results in an insufficient and inaccurate representation of forest borders, gaps, and parts with open or dense forests.
In recent years, highly automated methods for the extraction of forest area based on Airborne Laser Scanning (ALS) data have been proposed [25] [26] [27] . ALS has particularly revolutionized forest inventories with its great potential to acquire three-dimensional (3D) forest vertical structure data to extract a variety of forest attributes [28] . An excellent overview is given in [8] . Greater precision in forest mapping is now possible with the acquisition of 3D point data by matching aerial stereo-images [18, [29] [30] [31] or satellite images [32] , coupled with advances in image processing algorithms. Moreover, the high costs of ALS data acquisition and processing, the limited technical capacity of many forest management agencies, and the traditional role that imagery has played in forest inventories, explain the growing interest in alternative technologies for the extraction of 3D information in the forestry sector. Nevertheless, forest cover maps at greater than the provincial scale are still rare in central European countries. For example, although the Swiss NFI had great interest in acquiring additional area-wide data, until recently, forest mapping approaches have only existed at the cantonal level (mostly based on manual delineation of aerial images).
New perspectives for wall-to-wall forest mapping are emerging through digital aerial stereo-images, which are likely-in contrast to ALS-updated more regularly by national or regional mapping agencies in several countries [6] . The possibility of extending the spatially and temporarily limited NFI plot information to a continuous landscape-level representation-such as wall-to-wall forest cover maps-has now become more feasible.
Switzerland is one of these countries, where the Federal Office of Topography (swisstopo) has been updating countrywide digital stereo-imagery every six years since 2005. The topographic landscape model (TLM) provides the land use criteria that are necessary for the definition of forest [33] . It is superior to the currently available CORINE 2006 land cover (CLC2006) with respect to the level of detail and updating and is the best available proxy to the "forestry" land use. With these two datasets, wall-to-wall mapping requirements, as well as those regarding the NFI and technical knowhow, are now entirely met.
The main objective of the present study is to generate a detailed wall-to-wall forest cover map for Switzerland that takes the Swiss NFI forest definition into account. The focus is on implementing the key criteria (1) minimum tree height; (2) minimum tree crown coverage; (3) minimum width; and (4) land use. Its suitability for NFI purposes is entirely supported by the application of the land use criteria and its high level of detail, especially regarding forest borders and gaps. The proposed method is highly automated and is based on image-based point clouds from ADS80 digital stereo-imagery. The entire workflow consists of several single processing steps, thus enabling easy adaptation to any other forest definition. It demonstrates that it is now feasible to produce wall-to-wall forest cover maps in a timely and cost-effective manner. In this paper, we (i) demonstrate a straight forward method to use height information from image-based point clouds to derive a countrywide forest cover map; (ii) the implementation of the Swiss NFI forest definition including the land use criterion; and (iii) validate the results using almost 10,000 NFI plots.
Results are validated with respect to different aspects such as altitude, production area, forest type, age, and distance to the forest border. The main benefits for the Swiss NFI are manifold. The forest cover map could be used as a cost-effective substitute for aerial image interpretation. Thus, it also enables further planning, implementation, and optimization of expensive field surveys of forest inventories. Additionally, it can be used as support when assessing the accessibility of any forest area, which is important when dealing with harvesting issues.
Material

Study Area
The country of Switzerland is located between 5˝57 1 and 10˝29 1 E and 45˝49 1 and 47˝48 1 N. It covers 41,285 km 2 , with an altitudinal range between 197 and 4634 m a.s.l. Switzerland is characterized by different types of landscapes and is divided into five main forest production regions: the Jura in the northwest, the Central Plateau, the Prealps between the Central Plateau and the Alps, and the Southern Alps (Figure 1) . Switzerland has a varying regional proportion of forest cover with an average coverage of approx. 30% [34] . In the Central Plateau, the main settlement and agricultural zone, only 25% is covered by forest. This rises to 41% in the Jura and to 48% in the Southern Alps-a particularly forested mountainous region. Swiss forests consist of 43% pure coniferous, 19% mixed coniferous, 13% mixed deciduous, and 25% pure deciduous trees. Species richness is higher in the Central Plateau than in the mountainous regions. The most dominant tree species below 1200 m a.s.l. are beech (Fagus sylvatica), ash (Fraxinus excelsior), oak (Quercus sp.), white fir (Abies alba), and spruce (Picea abies). In higher regions, forests have an important protection function. The most dominant tree species are Scots pine (Pinus sylvestris), larch (Larix decidua), and spruce (Picea abies) in addition to a few deciduous tree species and softwood species along running waters. The upper tree line varies between 1600 m a.s.l. in the northern Prealps to approximately 2400 m a.s.l. in the valleys of the Central Alps, and is often dominated by Larix decidua, Pinus sp., and shrub forests with Pinus mugo and Alnus viridis. More detailed information on forests is provided in the third NFI report [35] .
Remote Sensing Data
Aerial Images
Swisstopo has been acquiring stereo-image data using the Airborne Digital Sensors ADS40-SH40, SH52, and ADS80-SH82 for the entire country in a 3-year cycle since 2005. The images are acquired strip-wise East-West by Charge-Coupled Device (CCD) line-scanners, at four band true color and near-infrared (RGBI), with a 12-bit radiometric resolution, and ground sample distances (GSD) of 25-50 cm. The main sensor specifications are summarized in Table 1 and can also be found in [36] or [37] .
The tight flight program follows two modes enabling image acquisition in the leaf-on and leaf-off season for Swiss orthophoto production and the updating of the Topographic Landscape Model (TLM). Thus, 1/6 of Switzerland is covered annually by each mode. In the present study, only the leaf-on stereo-image data from 2007 to 2012 are used. In total, 1710 stereo-image strips with a total length of 62,000 km cover the entire area of Switzerland. Switzerland has a varying regional proportion of forest cover with an average coverage of approx. 30% [34] . In the Central Plateau, the main settlement and agricultural zone, only 25% is covered by forest. This rises to 41% in the Jura and to 48% in the Southern Alps-a particularly forested mountainous region. Swiss forests consist of 43% pure coniferous, 19% mixed coniferous, 13% mixed deciduous, and 25% pure deciduous trees. Species richness is higher in the Central Plateau than in the mountainous regions. The most dominant tree species below 1200 m a.s.l. are beech (Fagus sylvatica), ash (Fraxinus excelsior), oak (Quercus sp.), white fir (Abies alba), and spruce (Picea abies). In higher regions, forests have an important protection function. The most dominant tree species are Scots pine (Pinus sylvestris), larch (Larix decidua), and spruce (Picea abies) in addition to a few deciduous tree species and softwood species along running waters. The upper tree line varies between 1600 m a.s.l. in the northern Prealps to approximately 2400 m a.s.l. in the valleys of the Central Alps, and is often dominated by Larix decidua, Pinus sp., and shrub forests with Pinus mugo and Alnus viridis. More detailed information on forests is provided in the third NFI report [35] .
Remote Sensing Data
Aerial Images
The tight flight program follows two modes enabling image acquisition in the leaf-on and leaf-off season for Swiss orthophoto production and the updating of the Topographic Landscape Model (TLM). Thus, 1/6 of Switzerland is covered annually by each mode. In the present study, only the leaf-on stereo-image data from 2007 to 2012 are used. In total, 1710 stereo-image strips with a total length of 62,000 km cover the entire area of Switzerland. Image-based point clouds from stereo-image strips of the ADS sensors were used to calculate a Digital Surface Model (DSM) for the entire country with a spatial resolution of 1ˆ1 m. This highly automated workflow is described in detail in [37] . To optimize the calculation, Switzerland was divided into 165,500 image blocks, each of which measuring 0.5ˆ0.5 km. For each block, image-matching was done independently with an overlapping buffer of 200 m. A high level of completeness (97.4%) of the matched points was obtained by using different correlation strategies, which were optimized for different image features (e.g., urban, flat, hilly, and steep areas). According to Ginzler and Hobi [37] , the vertical agreement of the DSM based on stereo measurements on the same image pairs 
Vegetation Height Model
Prior to generating the VHM, a normalized Digital Surface Model (nDSM) was calculated by subtracting the Digital Terrain Model (DTM) from the DSM. This DTM "swissALTI 3D " is the product of the national Light Detection and Ranging (LIDAR) campaign, and was provided by Swiss Federal Office of Topography [33] . The required VHM was generated by removing all buildings from the nDSM. For this, the building mask from the Topographic Landscape Model (TLM) from swisstopo was used. More details on the workflow of the countrywide image-matching can be found in Ginzler and Hobi [37] .
Reference Data
The Swiss NFI is a sample-based survey that has been conducted every 10 years since 1983. Since 1993 it has applied a two-phase sampling approach incorporating aerial stereo-image interpretation and terrestrial survey. Since 2009 the NFI (4th survey) has been based on a continuous survey with plots surveyed over a period of nine years as opposed to a periodic survey. Thus, in the first phase, stereo-image interpretation is conducted yearly for an area of 50ˆ50 m around the plot center for one-ninth of the NFI sample plots on a 1.4ˆ1.4 km grid covering the entire area of Switzerland. In sum, 20,638 NFI samples are interpreted as "forest" or "non-forest", of which all "non-forest" plots are excluded from the terrestrial NFI surveys. In the second phase (the terrestrial survey), all plots that are classified as "forest", and the remaining "non-forest" plots which are closer than 5 m to an existing forest border, are visited. The NFI field teams follow a strict protocol [38] to make the final decision to Forests 2015, 6, [4510] [4511] [4512] [4513] [4514] [4515] [4516] [4517] [4518] [4519] [4520] [4521] [4522] [4523] [4524] [4525] [4526] [4527] [4528] classify these plots as either "forest" or "non-forest" (each visited plot consists of two concentric circles with a radius of 8 m and 12.6 m, respectively).
To validate the forest cover map, a total of 9984 plots classified as "forest" (2437) and "non-forest" (7547) were used as the reference dataset. These plots were derived from both the manual stereo-image interpretation and the terrestrial survey of the fourth NFI (NFI4). During the terrestrial survey, the coordinates of all plot centres were measured using Trimble Geoexplorer. The horizontal accuracy after post-processing is 0.61˘0.51 m. Only plots for which the terrestrial survey was done after image acquisition were used. Validation includes several categories, i.e., distinction of the distance to the closest forest border of the forest cover map, the altitude a.s.l., the forest type (coniferous, deciduous), and the production regions of the NFI. All validation calculations were performed using the statistical software R [39] .
Method
Forest Definition of the Swiss National Forest Inventory
A precise and unambiguous definition of forest is indispensable when mapping and comparing forest areas obtained by different inventories from the same or from different countries, regardless of whether they are based on terrestrial, remotely sensed, or combined approaches. According to Lund [40] , more than 900 forest definitions are used throughout the world. Therefore, there is no universally accepted definition of the term forest. Most forest definitions incorporate the key criteria of (1) minimum tree height; (2) minimum crown coverage; and (3) minimum area and/or minimum width [4] . Figure 2 illustrates the three main criteria of the forest definition according to the Swiss NFI, assuming that the land use is forest. The minimum tree height must be higher than or equal to 3 m, and is based on the mean height of the 25 thickest trees at breast height (DBH) in an area of 50ˆ50 m around the plot center (corresponding to the stereo-image interpretation area). For this, the reference area to estimate crown coverage is the same. All trees-regardless of their height-count for the calculation of crown coverage.
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Method
Forest Definition of the Swiss National Forest Inventory
A precise and unambiguous definition of forest is indispensable when mapping and comparing forest areas obtained by different inventories from the same or from different countries, regardless of whether they are based on terrestrial, remotely sensed, or combined approaches. According to Lund [40] , more than 900 forest definitions are used throughout the world. Therefore, there is no universally accepted definition of the term forest. Most forest definitions incorporate the key criteria of (1) minimum tree height; (2) minimum crown coverage; and (3) minimum area and/or minimum width [4] . Figure 2 illustrates the three main criteria of the forest definition according to the Swiss NFI, assuming that the land use is forest. The minimum tree height must be higher than or equal to 3 m, and is based on the mean height of the 25 thickest trees at breast height (DBH) in an area of 50 × 50 m around the plot center (corresponding to the stereo-image interpretation area). For this, the reference area to estimate crown coverage is the same. All trees-regardless of their height-count for the calculation of crown coverage. If a forest border crosses the interpretation area minimum width is also measured. This includes all trees that belong to the boundary and have a top that is higher than or equal to 3 m, and a distance from each other of less than or equal to 25 m [41] . For example, a positive forest decision can be made if the minimum width of the stocked area is 25 m with a crown coverage of 100%, or 50 m if the crown coverage is only 20%. In the Swiss NFI, temporarily unstocked areas such as wind throws, or harvested areas maintain their status as forest. The fourth parameter of land use is not illustrated in Figure 2 . More detailed information on the Swiss NFI forest definition and its application can be found in [19, 41, 42] . If a forest border crosses the interpretation area minimum width is also measured. This includes all trees that belong to the boundary and have a top that is higher than or equal to 3 m, and a distance from each other of less than or equal to 25 m [41] . For example, a positive forest decision can be made if the minimum width of the stocked area is 25 m with a crown coverage of 100%, or 50 m if the crown coverage is only 20%. In the Swiss NFI, temporarily unstocked areas such as wind throws, or harvested areas maintain their status as forest. The fourth parameter of land use is not illustrated in Figure 2 . More detailed information on the Swiss NFI forest definition and its application can be found in [19, 41, 42] .
Regarding the interpretation of aerial stereo-images, the implementation of the NFI forest definition is slightly different from that of the terrestrial survey. Each interpretation area of 50ˆ50 m consists of 25 equally spaced (10 m) lattice points arranged in a 5ˆ5 point design [43] . On each lattice point, the elevation (m a.s.l.) is photogrammetrically measured and 11 land cover classes are interpreted. The effective height above ground at each lattice point is given by subtracting the DTM from the measured 3 D lattice points. The crown coverage on the interpretation area is calculated using all points with land cover class "tree" and a height of higher than or equal to 3 m. If there is a forest border on the plot, the border is digitized and the width is calculated [44] .
Workflow of Wall-To-Wall Forest Mapping
A highly automated workflow based on ArcGIS functions implemented in Python scripts was developed in this study to generate a wall-to-wall forest cover map. Figure 3 shows the main steps and input datasets. The key criteria of the NFI forest definition are explained separately and more in detail in Sections 3.3 and 3.4. Regarding the interpretation of aerial stereo-images, the implementation of the NFI forest definition is slightly different from that of the terrestrial survey. Each interpretation area of 50 × 50 m consists of 25 equally spaced (10 m) lattice points arranged in a 5 × 5 point design [43] . On each lattice point, the elevation (m a.s.l.) is photogrammetrically measured and 11 land cover classes are interpreted. The effective height above ground at each lattice point is given by subtracting the DTM from the measured 3 D lattice points. The crown coverage on the interpretation area is calculated using all points with land cover class "tree" and a height of higher than or equal to 3 m. If there is a forest border on the plot, the border is digitized and the width is calculated [44] .
A highly automated workflow based on ArcGIS functions implemented in Python scripts was developed in this study to generate a wall-to-wall forest cover map. Figure 3 shows the main steps and input datasets. The key criteria of the NFI forest definition are explained separately and more in detail in Sections 3.3 and 3.4. Figure 3A shows the VHM based on image-based point clouds with a spatial resolution of 1 m -which was derived from aerial image blocks of 0.5 × 0.5 km [33] . Figure 3B shows a preliminary forest cover map based on the criteria of the NFI forest definition (minimum tree height, crown coverage, and minimum width). Figure 3C shows the application of the land use criteria in order to remove forest on other land (e.g., orchards, urban parks) while adding temporarily unstocked forests (e.g., wind throw, harvesting). Finally, in Figure 3D , the calculated forest cover map that implements all criteria of the forest definition as used in the stereo-image interpretation of the Swiss NFI is shown. Figure 3A shows the VHM based on image-based point clouds with a spatial resolution of 1 m-which was derived from aerial image blocks of 0.5ˆ0.5 km [33] . Figure 3B shows a preliminary forest cover map based on the criteria of the NFI forest definition (minimum tree height, crown coverage, and minimum width). Figure 3C shows the application of the land use criteria in order to remove forest on other land (e.g., orchards, urban parks) while adding temporarily unstocked forests (e.g., wind throw, harvesting). Finally, in Figure 3D , the calculated forest cover map that implements all criteria of the forest definition as used in the stereo-image interpretation of the Swiss NFI is shown.
Land Cover Criteria of the Swiss NFI
Tree height and crown coverage are two essential criteria in forest definitions [4] . In the Swiss NFI, the minimum crown coverage threshold is 20% for forest. For the calculation of crown coverage, a defined reference area is essential [45] . In the Swiss NFI, it is an interpretation area of 50ˆ50 m around the sample plot center, which is used to estimate the percentage of crown coverage in the field. If the minimum threshold of 20% for crown coverage is fulfilled, the mean height of the 100 thickest trees (at DBH) per hectare (25 thickest trees per 50ˆ50 m interpretation area) must be greater than or equal to 3 m. Figure 3B illustrates the reclassification of the VHM to vegetation with the NFI tree threshold. Crown coverage is calculated using a moving window approach, with a rectangle of 51ˆ51 m (odd number in order to obtain the center pixel) which corresponds almost to the interpretation area used in the terrestrial survey and in the stereo-image interpretation. For each center pixel, the proportion of vegetation greater than or equal to 3 m in height inside the window is calculated and the defined minimum crown coverage of 20% is applied. With this technique, forested area is particularly overestimated at the forest border (see Figure 4) . 
Tree height and crown coverage are two essential criteria in forest definitions [4] . In the Swiss NFI, the minimum crown coverage threshold is 20% for forest. For the calculation of crown coverage, a defined reference area is essential [45] . In the Swiss NFI, it is an interpretation area of 50 × 50 m around the sample plot center, which is used to estimate the percentage of crown coverage in the field. If the minimum threshold of 20% for crown coverage is fulfilled, the mean height of the 100 thickest trees (at DBH) per hectare (25 thickest trees per 50 × 50 m interpretation area) must be greater than or equal to 3 m. Figure 3B illustrates the reclassification of the VHM to vegetation with the NFI tree threshold. Crown coverage is calculated using a moving window approach, with a rectangle of 51 × 51 m (odd number in order to obtain the center pixel) which corresponds almost to the interpretation area used in the terrestrial survey and in the stereo-image interpretation. For each center pixel, the proportion of vegetation greater than or equal to 3 m in height inside the window is calculated and the defined minimum crown coverage of 20% is applied. With this technique, forested area is particularly overestimated at the forest border (see Figure 4) . Figure 4 (left) illustrates that crown coverage is still 20% at the position of the dashed line, even though the center of the interpretation area is clearly outside the desired forested area as defined by the NFI. After the first forest cover map was generated using the 20% crown coverage threshold, the map was shrunk using morphological functions. The number of pixels for the shrink process at a specific position i (XY-coordinates of this pixel) is a function of the size of the interpretation area and the minimum threshold of the crown coverage as described in Equation (1).
Number of pixels to shrinki = window size × (0.5 − threshold of crown coverage) × crown coveragei
Applying the Swiss NFI forest definition, this value is 51 m (window size) × (0.5 − 0.2) (threshold crown coverage) × 1 (100% crown coverage at this location inside the forest) = 15.3 pixels (rounded to 15). For the sake of simplification, the crown coverage inside the forest border at any location is set to 100% (Equation (2)).
Number of pixels to shrinki = window size × (0.5 − threshold of crown coverage) (2) Figure 4 (right) illustrates the example for a 50% crown coverage threshold within the interpretation area. In this case no shrinking would be applied.
Minimum area and width are other two essential parameters of a forest definition. However, both criteria are handled differently by many NFIs. Minimum width is more frequently used to separate areas of narrow tree elements-which do not fulfill the minimum requirements of the forest definition-from clearly defined forest areas [4] .
In the present study, narrow tree elements ( Figure 5A ) below the minimum width of 25 m were removed using morphological functions while preserving the shape and size of larger objects. Figure 4 (left) illustrates that crown coverage is still 20% at the position of the dashed line, even though the center of the interpretation area is clearly outside the desired forested area as defined by the NFI. After the first forest cover map was generated using the 20% crown coverage threshold, the map was shrunk using morphological functions. The number of pixels for the shrink process at a specific position i (XY-coordinates of this pixel) is a function of the size of the interpretation area and the minimum threshold of the crown coverage as described in Equation (1).
Number of pixels to shrink i " window sizeˆp0.5´threshold of crown coverageqˆcrown coverage i (1)
Applying the Swiss NFI forest definition, this value is 51 m (window size)ˆ(0.5´0.2) (threshold crown coverage)ˆ1 (100% crown coverage at this location inside the forest) = 15.3 pixels (rounded to 15). For the sake of simplification, the crown coverage inside the forest border at any location is set to 100% (Equation (2)).
Number of pixels to shrink i " window sizeˆp0.5´threshold of crown coverageq (2) Figure 4 (right) illustrates the example for a 50% crown coverage threshold within the interpretation area. In this case no shrinking would be applied.
Minimum area and width are other two essential parameters of a forest definition. However, both criteria are handled differently by many NFIs. Minimum width is more frequently used to Forests 2015, 6, [4510] [4511] [4512] [4513] [4514] [4515] [4516] [4517] [4518] [4519] [4520] [4521] [4522] [4523] [4524] [4525] [4526] [4527] [4528] separate areas of narrow tree elements-which do not fulfill the minimum requirements of the forest definition-from clearly defined forest areas [4] .
In the present study, narrow tree elements ( Figure 5A ) below the minimum width of 25 m were removed using morphological functions while preserving the shape and size of larger objects. Forested areas were first shrunk by half of the minimum width of the forest definition ( Figure 5B ) and then expanded by half of the minimum width ( Figure 5C ). Elements smaller than the minimum width criterion were assigned the value zero (non-forest) and thus remain non-forest after the expansion of the shrunk forest areas. Forested areas were first shrunk by half of the minimum width of the forest definition ( Figure 5B ) and then expanded by half of the minimum width ( Figure 5C ). Elements smaller than the minimum width criterion were assigned the value zero (non-forest) and thus remain non-forest after the expansion of the shrunk forest areas.
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Land Use Criterion
In the present study, temporarily unstocked areas with trees smaller than 3 m are extracted as non-forest in the VHM even though these areas are identified as forest according to the Swiss NFI definition because of their unchanged land use ( Figure 6 ). 
In the present study, temporarily unstocked areas with trees smaller than 3 m are extracted as non-forest in the VHM even though these areas are identified as forest according to the Swiss NFI definition because of their unchanged land use ( Figure 6 ). Forested areas were first shrunk by half of the minimum width of the forest definition ( Figure 5B ) and then expanded by half of the minimum width ( Figure 5C ). Elements smaller than the minimum width criterion were assigned the value zero (non-forest) and thus remain non-forest after the expansion of the shrunk forest areas.
In the present study, temporarily unstocked areas with trees smaller than 3 m are extracted as non-forest in the VHM even though these areas are identified as forest according to the Swiss NFI definition because of their unchanged land use ( Figure 6 ). Since the land use criterion could not be obtained from the VHM or from the aerial images, it was implemented using the respective cover from the Topographic Landscape Model (TLM) [33] . The TLM includes natural and artificial landscape objects, with the latter having a higher priority. Both types of objects are mostly manually stereo-interpreted following an updating cycle of six years for the entire country. Two classes from the TLM were integrated into the present forest mapping approach: the land cover class "closed forest"-which is actually a land use class-to compensate for temporarily unstocked forests, and the land use class "orchards" and "settlement" to eliminate forest area on other land use. Furthermore, since the exact definition of forest in the TLM is not published, all added polygons larger than 10 ha had to be checked visually (n = 2433). Finally, a last visual check was performed after filtering the forest cover map with this auxiliary TLM information.
Results
The final product is a wall-to-wall forest cover map for all of Switzerland covering a total forest area of 12,937.71 km 2 -with a spatial resolution of 1 m (Figure 7) . Its overall presentation appears to be reasonable-especially where forests in valleys and the high percentage of forest in the Southern Alps are clearly visible. The accuracy assessment of the forest cover map consists of both a comparison with NFI estimations (Section 4.1) and validation based on the NFI sample plot data (Section 4.2). Since the land use criterion could not be obtained from the VHM or from the aerial images, it was implemented using the respective cover from the Topographic Landscape Model (TLM) [33] . The TLM includes natural and artificial landscape objects, with the latter having a higher priority. Both types of objects are mostly manually stereo-interpreted following an updating cycle of six years for the entire country. Two classes from the TLM were integrated into the present forest mapping approach: the land cover class "closed forest"-which is actually a land use class-to compensate for temporarily unstocked forests, and the land use class "orchards" and "settlement" to eliminate forest area on other land use. Furthermore, since the exact definition of forest in the TLM is not published, all added polygons larger than 10 ha had to be checked visually (n = 2433). Finally, a last visual check was performed after filtering the forest cover map with this auxiliary TLM information.
The final product is a wall-to-wall forest cover map for all of Switzerland covering a total forest area of 12,937.71 km 2 -with a spatial resolution of 1 m (Figure 7) . Its overall presentation appears to be reasonable-especially where forests in valleys and the high percentage of forest in the Southern Alps are clearly visible. The accuracy assessment of the forest cover map consists of both a comparison with NFI estimations (Section 4.1) and validation based on the NFI sample plot data (Section 4.2). Table 2 shows the comparison of the forest cover map with estimations and standard error (SE) from the NFI (sample plot extrapolations). The forest cover map revealed a larger forest area of 4.4%. The absolute difference is 54,763 ha. In the Alps, the differences between the forest cover map and the NFI estimations is smallest (1.3%) and rises for the other production regions (Prealps, Jura and Southern Alps) to 6.4% for the Central Plateau. Table 2 shows the comparison of the forest cover map with estimations and standard error (SE) from the NFI (sample plot extrapolations). The forest cover map revealed a larger forest area of 4.4%. The absolute difference is 54,763 ha. In the Alps, the differences between the forest cover map and the NFI estimations is smallest (1.3%) and rises for the other production regions (Prealps, Jura and Southern Alps) to 6.4% for the Central Plateau. 
Comparison with NFI Estimations
Comparison with NFI Sample Plot Data
The validation based on 9984 NFI plots reveals an Overall Accuracy (OA) of 0.97 and a forest overestimation of 10.1% and an underestimation of 3.8% (see Table 3 ). More detailed analysis reveals that the lowest OA (0.91) is obtained for elevations between 1401 and 1800 m a.s.l and for the Southern Alps. The highest OA values are obtained for areas higher than 1800 m a.s.l. (0.99), and for the Central Plateau (0.98) and altitude classes lower than 600 m a.s.l (0.98), which belong mostly to the Central Plateau or to the lower valleys. In addition to the OA, the commonly used statistical measures error of commission (EC) and error of omission (EO) for the class "forest" were calculated (for details, see [46] ). EC refers to the non-forest reference plots which belong to forest areas according to the forest cover map, whereas EO refers to forest reference plots which belong to non-forest areas according to the forest cover map. Differentiating between forest types (deciduous and coniferous) reveals that both have high OA with low EC. Obviously, both EO and EC rise with increasing altitude and are highest for areas higher than 1800 m a.s.l. This is quite similar for the five production regions with the exception of the Alps for which EC is lower. Furthermore, the validation revealed that the distance to the forest border affects the OA of the forest cover map substantially (Figure 8 ). Obviously, OA increases strongly with increasing distances from reference plots to forest borders-independently of whether they are located inside or outside the forest areas. In particular, the increase in OA within the first 25 m from the forest border is very high (see Figure 8 vertical dashed line). When assessing all altitude classes together, OA of less than 0.6 are closer to the forest border and exceed OA of 0.8 for distances greater than 25 m. The increase in OA from 0.8 to 0.9 is less steep. Considering plots with a distance of greater than or equal to 70 m from the forest border leads to an OA of greater than 0.9. Above this threshold, the continuous increase of Forests 2015, 6, [4510] [4511] [4512] [4513] [4514] [4515] [4516] [4517] [4518] [4519] [4520] [4521] [4522] [4523] [4524] [4525] [4526] [4527] [4528] OA is much less marked. When assessing the altitude classes independently differences between the classes are apparent. In general, the same pattern of OA increase can be observed for all classes, but the two highest classes show the lowest OA values.
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Discussion and Conclusions
General Aspects of the Mapping Approach
In the present study, a novel approach for wall-to-wall forest mapping of all of Switzerland (41,285 km 2 ) based on image-based point clouds was developed revealing that 31% of the country is covered with forest. The approach is highly automated-with the exception of the land use criterion for which visual image interpretation and manual editing was needed. The most significant contribution of this study is that the forest cover map can be derived from image-based point clouds from routinely acquired aerial images (six-year cycle) and takes into consideration the forest definition of the Swiss NFI. Moreover, the results indicate that the method is promising and provides high overall accuracies of 97% for forest mapping in comparison to NFI reference data. These accuracies are in line with or higher than those reported in other studies [18, 19, 29] . However, first, it should be noted that a direct comparison is difficult less, because such studies mapped forest with different tree species compositions or involved a variety of forest structures and geographic locations, but more because of no NFI forest definition was used. Second, mapping areas in these studies were substantially smaller and different input data types, such as from ALS [25] [26] [27] or satellite data were used [20] .
The comparison of the forest cover map area with the NFI forest area estimations revealed a larger forest area of 4.4% (Table 2 ). This can be explained by differences at the forest borders and is confirmed by a comparison at actual sample plot locations with an error of commission (EC) of 10.1% and an error of omission (EO) of 3.8% (Table 3) .
Examining EC in detail, we find that they are low (0.7%-10%), but increase with increasing altitude and mainly occur at the upper tree line (19.7%), and are higher in coniferous plots. While the EO rate is at an acceptable level (<2.3%) in areas below 1400 m a.s.l., it is rather high in the Alps (7%) Figure 8 . Overall accuracy dependent on the distance to the forest border and height above sea level (black dot = all heights together; square = lower than 600 m a.s.l.; circle = 600-1000 m a.s.l.; triangle = 1001-1400 m a.s.l.; diamond = 1401-1800 m a.s.l.; cross = higher than 1800 m a.s.l.).
Discussion and Conclusions
General Aspects of the Mapping Approach
Examining EC in detail, we find that they are low (0.7%-10%), but increase with increasing altitude and mainly occur at the upper tree line (19.7%), and are higher in coniferous plots. While the EO rate is at an acceptable level (<2.3%) in areas below 1400 m a.s.l., it is rather high in the Alps (7%) and Southern Alps (8.1%). These underestimations are related to less distinct forest borders in these areas, less accurate VHM due to coarser image resolution, the simplified application of the minimum width, and the dominance of coniferous trees with narrow crowns (e.g., Pinus sylvestris)-which are difficult to detect. Furthermore, both comparisons revealed that EC are higher than EO indicating a general overestimation of forest area. While they remain stable at around 10%, they also increase to a maximum of 17.6% at the upper tree line (>1800 m a.s.l.) and, therefore, in the corresponding production regions as well. It is obvious that these differences must be further minimized, whereas EO are more severe from the perspective that forest area has been irreversibly excluded from the mask (e.g., using a two phase sampling approach with the forest cover map as first phase data). In contrast, EC are more severe regarding the field work planning of a NFI. The validation also revealed that the forest cover map is more accurate in densely forested areas or entirely non-forested areas than at the forest border, and this accuracy increases with the distance from the border. For forest areas with distances of greater than 70 m from the forest borders, accuracy increases less and remains stable (Figure 8 ). The general constraints of the proposed method are discussed separately and more in detail below in Sections 5.2-4.
From a methodological point of view, the proposed method is appropriate for wall-to-wall mapping of entire countries. It is flexible regarding input datasets, such as VHMs based on ALS data. In fact, the VHM [37] is a reliable dataset and enables the derivation of the three geometric parameters of minimum height, minimum crown coverage and minimum width that are required for the NFI forest definition. Since these parameters are entirely based on the VHM they can be easily adapted to the thresholds required by other forest definitions, for example, as presented by [20, 27] .
The flexible adaptation to a different forest definition could be used for international reporting obligations of the Swiss NFI, e.g., for the Forest Resource Assessment (FRA) of FAO or the State of Europe's Forests report. The implementation of the three geometric land cover criteria (minimum height, crown coverage, and width of the NFI forest definition) was a less significant challenge for our approach than land use information. Although available for all European countries, the CLC2006 dataset was not an option in our approach due to its large minimum mapping units and the coarse spatial resolution of the input data (100ˆ100 m and 250ˆ250 m, respectively). Thus, the respective information was obtained from the Topographic Landscape Model (TLM). The forest class "closed forest" to compensate for temporarily unstocked forests areas, and the land classes "orchards" and "settlements" to eliminate forest on other land use (similar to other wooded land) were used. The main drawback was that additional manual work was necessary since the exact forest definition applied in the TLM is not entirely clear. Both TLM land layers were visually checked and polygons that were obviously wrong or too generalized were manually deleted.
Constraints of the Forest Mapping Approach
Sources of error in the forest cover map are manifold and are related to the imagery used, the straight-forward processing of the forest mapping-in particular regarding the complexity of forest borders, and inconsistencies in the forest definitions applied. The coarse image data resolution of 50 cm which is used to generate the VHM reduces the quality of the forest cover map for areas above 1500 m a.s.l. and results in generally lower accuracies for mountainous regions. This is in contrast to the Central Plateau and the Jura where the forest cover map is solely based on 25 cm resolution imagery. Moreover, although the quality of the ADS imagery is high and allows for robust image-matching, the resulting VHM is more error prone at forest borders. Due to oblique off-nadir objects-as a result of the central perspective of the images-hidden areas cannot be matched and thus are interpolated by the algorithm [37] .
The general difference in forest area between the NFI estimations and the forest cover map is undoubtedly a weakness of the moving window approach. The most obvious reasons for EC and EO are separately described below.
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Moreover, according to Magdon and Kleinn [45] , the simplified use of a constant buffer distance (15 m when using a CC of 20% and an interpretation area size of 51 m, see Equation (1)) independent on the degree of forest fragmentation might be too generalized. Thus, the forest mapping approach might have introduced a bias which depends on the degree of fragmentation of the landscape, and in particular on the forest pattern and the resulting variability of the forest border (straight and irregular forest edges). It is assumed to be higher in highly fragmented landscapes than in compact ones although the differences become smaller the larger the interpretation area is [45] .
Errors of Commission
Although the forest definition implemented in this approach is basically a good approximation it is still not 100% congruent with the true NFI forest definition. This is particularly essential at forest borders. In the Swiss NFI, the tree butt is used to define the forest border line, whereas it is the crown (canopy cover) in the mapping approach. Figure 9 illustrates that the greatest differences between the forest cover map and the reference plots occur at or near forest borders. Moreover, according to Magdon and Kleinn [45] , the simplified use of a constant buffer distance (15 m when using a CC of 20% and an interpretation area size of 51 m, see Equation (1)) independent on the degree of forest fragmentation might be too generalized. Thus, the forest mapping approach might have introduced a bias which depends on the degree of fragmentation of the landscape, and in particular on the forest pattern and the resulting variability of the forest border (straight and irregular forest edges). It is assumed to be higher in highly fragmented landscapes than in compact ones although the differences become smaller the larger the interpretation area is [45] .
Although the forest definition implemented in this approach is basically a good approximation it is still not 100% congruent with the true NFI forest definition. This is particularly essential at forest borders. In the Swiss NFI, the tree butt is used to define the forest border line, whereas it is the crown (canopy cover) in the mapping approach. Figure 9 illustrates that the greatest differences between the forest cover map and the reference plots occur at or near forest borders. Figure 9 . Overall accuracy at forest borders is affected by the different forest definitions as applied by the NFI and the forest cover map. The latter is based on the VHM in contrast to the tree butt by the NFI.
Moreover, a small number of EC are also the result of using NFI reference plots in areas that are located beside a street or river (wider than 6 m) or crossed by them. According to the NFI, they are classified as non-forest but are located within dense forest in the forest cover map. Streets and rivers that cross forests are often hidden by the crown coverage in the VHM model due to the oblique crowns at the outer edges of the imagery and fuzzy forest borders from the image-matching algorithm. Consequently, they often belong to the forest cover map.
Although the classification of the VHM revealed a plausible picture of the stocked elements in the landscape, some errors occurred in high mountainous rocky areas. Here, the DTM from Swisstopo-which is based on ALS data and the DSM from the image-matching-had a slight horizontal mismatch. Along these cliffs, the calculated nDSM had a height of greater than 3 m and was thus classified as trees. If these artifacts cover larger areas and fulfill the NFI forest definition with a minimum crown coverage of higher than 20% and a width of greater than 25 m, they were wrongly classified as forest.
A comparison with the crown coverage calculated from the aerial stereo-image interpretation of the NFI showed a slight overestimation of the coverage by the VHM (Median = 4.0; RMSE = 16.8; RMSE% = 19.0). Again, due to the central perspective of the imagery, all objects that are away from the nadir line of the ADS image stripes are oblique. Although most nadir parts of the stripes were used for the image matching [37] , small gaps between trees were hidden. Figure 9 . Overall accuracy at forest borders is affected by the different forest definitions as applied by the NFI and the forest cover map. The latter is based on the VHM in contrast to the tree butt by the NFI.
A comparison with the crown coverage calculated from the aerial stereo-image interpretation of the NFI showed a slight overestimation of the coverage by the VHM (Median = 4.0; RMSE = 16.8; RMSE% = 19.0). Again, due to the central perspective of the imagery, all objects that are away from the nadir line of the ADS image stripes are oblique. Although most nadir parts of the stripes were used for the image matching [37] , small gaps between trees were hidden.
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Errors of Omission
Underestimation of forest area mainly occurs along forest borders, increases with altitude, and is consequently more distinctive for coniferous trees (4.1%) than for deciduous trees (1.5%) (Table 3) . Again, image data with pixel size larger than of 50 cm-as it was used to generate the VHM in the mountains-causes more problems in the image-matching. Due to the larger pixel size, the smaller crowns of coniferous tree were less frequently detected in the VHM. Figure 10 illustrates the omission of mainly Pinus sylvestris in the Swiss National Park (Central Alps), which are characterized by very small tree crowns. 
Underestimation of forest area mainly occurs along forest borders, increases with altitude, and is consequently more distinctive for coniferous trees (4.1%) than for deciduous trees (1.5%) (Table  3) . Again, image data with pixel size larger than of 50 cm-as it was used to generate the VHM in the mountains-causes more problems in the image-matching. Due to the larger pixel size, the smaller crowns of coniferous tree were less frequently detected in the VHM. Figure 10 illustrates the omission of mainly Pinus sylvestris in the Swiss National Park (Central Alps), which are characterized by very small tree crowns. Another problem is related to the NFI forest definition at the upper tree line. If the minimum crown coverage of greater than 20% is found (even if the height criteria is less than 3 m), trees (e.g., Pinus mugo and Alnus viridis in Figure 11 ) are classified as shrub forest in the Swiss NFI. However, these short trees are excluded from the forest cover map since the minimum height criteria is not fulfilled. Another problem is related to the NFI forest definition at the upper tree line. If the minimum crown coverage of greater than 20% is found (even if the height criteria is less than 3 m), trees (e.g., Pinus mugo and Alnus viridis in Figure 11 ) are classified as shrub forest in the Swiss NFI. However, these short trees are excluded from the forest cover map since the minimum height criteria is not fulfilled. 
Underestimation of forest area mainly occurs along forest borders, increases with altitude, and is consequently more distinctive for coniferous trees (4.1%) than for deciduous trees (1.5%) (Table  3) . Again, image data with pixel size larger than of 50 cm-as it was used to generate the VHM in the mountains-causes more problems in the image-matching. Due to the larger pixel size, the smaller crowns of coniferous tree were less frequently detected in the VHM. Figure 10 illustrates the omission of mainly Pinus sylvestris in the Swiss National Park (Central Alps), which are characterized by very small tree crowns. Another problem is related to the NFI forest definition at the upper tree line. If the minimum crown coverage of greater than 20% is found (even if the height criteria is less than 3 m), trees (e.g., Pinus mugo and Alnus viridis in Figure 11 ) are classified as shrub forest in the Swiss NFI. However, these short trees are excluded from the forest cover map since the minimum height criteria is not fulfilled. 
Operational Use of the Forest Cover Map
The main benefits of the forest cover map are manifold since it guarantees repeatable and objective results. Although the present forest cover map was developed for a relative small country, the recently increasing country-wide acquisition of 3D data (LiDAR or stereo-imagery) by many European countries will make its operational use more feasible. Restrictions are less related to acquisition of wall-to-wall 3D data and the extraction of the required forest definition criteria, but more to the availability of high-resolution land use maps.
For the Swiss NFI, the level of detailed and national wall-to-wall forest information makes it possible to densify the existing 1.4 km NFI sample plot grid for smaller areas of interest. It may also be used for an improved estimation of forest parameters such as timber volume for which forest area is an essential input parameter. The forest cover map may also enable further optimization of the planning and implementation of the terrestrial survey, which is very cost-effective. Although the 10% average commission error rate will result in too many non-forest plot visits, distinct non-forest plots can be excluded from the field planning process. Furthermore, in combination with forest road maps, it is a valuable information source to assess the accessibility of any forest area, and thus important for the reliable assessment of forest resource studies. Finally, a countrywide highly detailed forest cover map may serve as an important information source for many other regional or national uses, such as geological and geomorphological applications, avalanche or other hazard protection issues, as well as provide new perspectives for biodiversity or ecological connectivity studies.
Outlook and Summary
Further improvements to the proposed forest mapping approach are necessary to underscore its value as the basis for a countrywide dataset. The most significant opportunities for follow-up are:
Differences between the NFI estimated forest area and the forest cover map can be further reduced by implementing the 1:1 minimum crown coverage and minimum width functions as used in the Swiss NFI. -
The shrinking functions applied to the forest cover map could be adapted, for instance, by using different thresholds for deciduous and coniferous dominated forest borders. -
The effect of different forest pattern on the landscape level, especially regarding forest edges for the proposed method should be further investigated as described in [45] . -Further research is also needed to improve the accuracy of the forest cover map at the upper tree line in the Alps. Image matching based on upcoming imagery with the same 25 cm spatial resolution that is standard for the Central Plateau in Switzerland will reduce the number of omitted narrow crowns of coniferous trees.
To summarize, the presented forest cover map approach is superior to existing products due to its national coverage, high level of detail, regular updating, and implementation of the land use criteria.
The focus was put on implementing the four criteria of minimum height, minimum crown coverage, minimum width, and land use in a comprehensible, geometrically clearly defined way, which also facilitates the production of a countrywide comparable forest cover map. It delivers repeatable and objective results, and will be of great practical relevance in the framework of a NFI, or for other applications that depend on an accurate and detailed countrywide forest cover map. Minimizing the error sources will underscore the advantages of wall-to-wall forest mapping approaches based on aerial stereo-imagery or, alternatively, on ALS data.
